MicroRNAs (miRNAs) are ubiquitous small RNAs, which guide post-transcriptional gene repression in countless biological processes. However, the miRNA pathway in mouse oocytes appears inactive and is dispensable for development. We report that miRNAs do not accumulate like maternal mRNAs during oocyte growth. The most abundant miRNAs total tens of thousands of molecules in fully-grown oocytes, a number similar to that observed in much smaller fibroblasts. The lack of miRNA accumulation acts like miRNA knock-down, where miRNAs can engage their targets but are not abundant enough to produce significant silencing effect. Injection of 100,000 miRNAs was sufficient to restore reporter repression in oocytes, confirming that miRNA inactivity primarily stems from low miRNA abundance and not from an active repression of the miRNA pathway per se. Similar situation was observed in rat, hamster, porcine, and bovine oocytes arguing that miRNA inactivity is not a mousespecific adaptation but a common mammalian oocyte feature.
INTRODUCTION
MicroRNAs (miRNAs, reviewed in detail in 1 ) are genome-encoded small RNAs, which guide post-transcriptional repression of gene expression. Their biogenesis starts with nuclear processing of long primary transcripts from which small hairpin miRNA precursors (pre-miRNAs) are released. Pre-miRNAs are then transported to the cytoplasm and cleaved by RNase III Dicer into 21-23 nucleotide RNA duplexes. One strand of the duplex is then loaded onto an Argonaute (AGO) protein, the key component of the effector complex repressing cognate mRNAs (reviewed in 2 ). The functional miRNAs in somatic cells have a relatively high copy number 3, 4, 5 . A HeLa cell contains ~50,000 let-7 miRNA molecules 3 , which is just an order of magnitude below ~580,000 mRNAs estimated to be present in a HeLa cell 6 .
There are two distinct modes of target repression. RNA interference (RNAi)-like mode requires a miRNA loaded on AGO2 and formation of a perfect or nearly perfect miRNA:mRNA duplex. In this case, exemplified by mammalian mir-196 and HoxB8 mRNA 7 , AGO2 makes endonucleolytic mRNA cleavage in the middle of the miRNA:mRNA duplex. However, mammalian miRNAs loaded on one of the four mammalian AGO proteins (AGO1-4) typically bind their cognate mRNAs with imperfect complementarity. Functional miRNA:mRNA interaction may involve little beyond the "seed" region comprising nucleotides 2 to 8 of the miRNA 8, 9, 10, 11 . This results in translational repression 12, 13 followed by substantial mRNA degradation 14 , which is typical mammalian miRNA mode of target repression.
Thousands of miRNAs have been annotated in mammals 15 . Experimental data suggest that miRNAs regulate directly or indirectly thousands of genes in one cell type 14, 16, 17, 18 and that a single miRNA might directly suppress hundreds to over a thousand of mRNAs 15, 16 . It has been estimated that miRNAs may collectively target over 60% of mammalian genes 19 .
Mammalian miRNAs were implicated in the majority of cellular and developmental processes and changes in their expression are observed in various diseases 1 . One of the notable exceptions are mouse oocytes where it was found that miRNAs are present 20, 21 , but are unable to repress their targets and are dispensable for early development 22, 23 .
It was proposed that miRNA inactivity could stem from inefficient formation of the miRNA effector complex 24 or could be linked to an alternative oocyte-specific AGO2 protein isoform 25 . Since kinetic studies of miRNA-mediated repression in somatic cells suggest that miRNA and target concentrations are critical factors for efficient repression 10, 11 , we hypothesized that stoichiometry could be the key factor contributing to inefficient miRNAmediated repression in the oocyte, which is one of the largest mouse cells.
While a somatic cell has a diameter of 10-20 m, a meiotically incompetent mouse oocyte grows during the ~2.5 weeks-long growth phase from a diameter of 40 m to a 80 m. Consequently, cytoplasmic volume of a fully-grown germinal vesicle intact (GV) oocyte (~260 pl) is almost two orders of magnitude larger than that of a somatic cell like NIH3T3 fibroblast (denoted 3T3 hereafter), which is ~3 pl ( Table 1) . During the growth phase, a mouse oocyte accumulates up to ~27 million mRNA molecules while an average somatic cell contains 100,000 to 600,000 mRNAs per cell 6, 26, 27, 28, 29, 30 . Importantly, cytoplasmic mRNA concentration in fully-grown oocytes and somatic cells is similar (100-300 nM, Table 1 ).
Maternal mRNA accumulation during the oocyte growth phase is facilitated by extended average mRNA half-life of ~10 days 31, 32, 33 , presumably reflecting reduced capacity of mRNA degradation.
Here we report that miRNAs do not accumulate during oocyte growth, resulting in two orders of magnitude shift in miRNA:mRNA ratio, which is likely the principal cause of apparent inactivity of maternal miRNAs. Maternal miRNAs can apparently engage their targets but are not abundant enough to produce significant silencing impact. The same dilution phenomenon has been observed in four other mammalian oocytes. Finally, miRNA activity can be restored in mouse oocytes by injecting as few as 100,000 miRNA molecules.
Altogether, our data support a model where miRNA inactivity primarily stems from low miRNA abundance caused by the lack of miRNA accumulation during oocyte growth. Table 1 Quantitative aspects of mRNAs and miRNAs in somatic cells and oocytes. 
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RESULTS
miRNA amount in mouse oocytes does not increase during the growth phase
To assess miRNA abundance in oocytes, we analyzed small RNA sequencing (RNAseq) data 20, 34, 35 and selected eight different miRNAs either because of their high abundancy in oocytes or because they were unique, so there were no family members that could interfere with their analysis. Next, we quantified these miRNAs in 3T3 fibroblasts, meiotically incompetent mouse oocytes, and fully-grown GV mouse oocytes by qPCR ( Fig. 1A) .
Particular care was taken of potential biases in producing calibration curves and primer specificity was examined as well ( Fig. S1 ).
Our results revealed that among the analyzed miRNAs in 3T3 cells and oocyte stages the most abundant miRNAs were present at tens of thousands of copies ( Fig. 1A and Table   S1 ). This suggests that, in contrast to maternal mRNA accumulation, oocytes do not accumulate miRNAs during the growth phase. This is consistent with similar relative amounts of let-7 miRNAs observed between P15-16 (growing) and P20-21 (fully-grown) oocytes previously 36 . We estimated by qPCR that let-7a, the most abundant of our studied maternal miRNAs, would have ~20,000 copies/oocyte. To validate qPCR data, we analyzed maternal let-7a directly by quantitative northern blotting ( Fig. 1B) , which does not include reverse transcription and geometric amplification of the signal like qPCR. Northern blot analysis estimation yielded ~ 65,600 let-7a molecules per oocyte in the absence of a detectable miRNA precursor signal ( Fig. 1B ). While this number is higher than the qPCRbased estimate, we cannot rule out that other let-7 family members contributed to the higher estimation. In any case, northern blot also showed that maternal let-7a biogenesis is intact and let-7a concentration in the oocyte is in sub-nanomolar range. Taken together, while the concentration of mRNAs in the cytoplasm is comparable for oocytes and 3T3 cells (100-300 nM), similar numbers of miRNA molecules in somatic cells and oocytes make miRNA:mRNA stoichiometry unfavorable in oocytes. For example, 50,000 miRNA molecules in 3T3 cells would be ~28 nM but in mouse oocytes only ~0.3 nM, hundred times less ( Table 1) .
Lack of miRNA accumulation is common in mammalian oocytes
An alternative explanation for the lack of accumulation of maternal miRNAs during oocyte growth could be the presence of the endogenous RNA interference (RNAi) pathway, which uses small interfering RNAs (siRNAs) loaded also on AGO proteins. Endogenous RNAi evolved in rodents and is highly active and essential in mouse oocytes 23, 36, 37, 38 . Ago2, which is essential for endogenous RNAi in mouse oocytes 39 , has specifically reduced expression level in mouse oocytes and produces a truncated transcript and protein 25 . It could be possible that mouse oocytes represent a unique case where miRNAs do not accumulate because they compete with siRNAs for limited amount of AGO proteins. To examine this possibility, we quantified maternal miRNAs in four other mammalian species, including bovine and hamster oocytes where the truncated Ago2 transcript does not exist according to RNA-seq data 40, 41 . Analysis of rat, golden hamster, bovine, and porcine oocytes showed miRNA tallies similar to those in mouse oocytes (Fig. 2 , Table 1 ). While rodent oocytes ( Fig. 2A ) had somewhat lower miRNA counts than porcine and bovine oocytes ( Fig. 2B ), even the highest numbers remained around 50,000 miRNA molecules per oocyte.
Canonical miRNA-mediated repression is negligible in mammalian oocytes
Previous analysis of miRNA activity in mouse oocytes used firefly and Renilla luciferase reporter assays 22 . These reporters were designed 13, 42 to distinguish the two distinct modes of miRNA-mediated repression ( Fig. 3A ): (i) RNAi-like endonucleolytic cleavage of perfectly complementary binding sites by AGO2, which was shown previously by mapping cleavage sites 17 , and (ii) translational repression mediated by partial complementarity between a small RNA and its target (typical for animal miRNAs).
The luciferase reporter approach used for studying miRNA activity in oocytes required ~100,000 reporter molecules injected per oocyte 22 , which is in the range of the few most abundant maternal mRNAs 43 . At this level, reporters could have low sensitivity for miRNA-mediated repression. For example, 5,000 repressed reporter molecules would represent 5% of the injected reporter, which would be hardly detectable in this experimental setup. To address this issue, we repeated analysis of miRNA activity with NanoLuc luciferase 44 , a new type of luciferase reporter system, which allowed to reduce the number of reporter molecules by an order of magnitude (10,000 molecules per oocyte) and reliably detect suppression of several thousand reporter mRNA molecules. Furthermore, this amount is within the range of medium-abundant mRNAs such as Plat or Mos, which were efficiently knocked down by 10,000 long double-stranded RNA molecules per oocyte 45 . (A) Schematic difference between "bulged" and "perfect" miRNA binding sites. Bulged miRNA binding sites, which are typical for animal miRNAs, have imperfect complementarity, and lead to translational repression followed by deadenylation and mRNA degradation 1 . Perfect complementarity of miRNAs loaded on AGO2 results in RNAi-like endonucleolytic cleavage. (B) Schematic depiction of let-7a nanoluciferase reporter constructs used in the study. The miRNA sites were cloned in the 3'UTR-either as a 1x-perfect match site, a 4x site in bulged conformation or 4x site mutated. The reporters were in vitro transcribed, capped and polyadenylated. A similar set was produced for miR-30c. (C) Let-7a and miR-30c NanoLuc luciferase reporter activities in 3T3 cells. Data represent an average of three independent transfections. (D) Luciferase assay in fully-grown GV mouse, porcine, and bovine oocytes. 10,000 molecules of NanoLuc luciferase reporters carrying 1x-perfect, 4x-bulged or 4x-mutant let-7a binding sites were microinjected into GV oocytes, reporter expression was assayed after 20 hours of culture in a medium preventing resumption of meiosis. Error bars = SD. (E) Endogenous miRNA activity repressing bulged let-7 reporter can be observed in porcine oocytes 40 hours after microinjection (F) miR-30c NanoLuc luciferase reporter activity assay in mouse, porcine, and bovine oocytes in three independent experiments. All luciferase data are a ratio of the NanoLuc luciferase reporter activity over a co-injected control firefly luciferase activity. All error bars represent SD. All luciferase data are presented as a ratio of the NanoLuc luciferase signal scaled to coinjected non-targeted firefly luciferase activity, 4x-mutant reporter was set to one. Asterisks indicate statistical significance (pvalue) of one-tailed t-test, (* < 0.05, ** < 0.01, *** < 0.001).
Accordingly, we produced and validated NanoLuc luciferase reporters carrying either a perfectly complementary or four bulged sites to let-7a or miR-30c miRNAs (Fig. 3B, C) . It should be noted that a relative targeted reporter activity is not a precise measure of activity of a specific miRNA used to design binding sites in the targeted reporter. An observed relative reporter repression reflects activity of all miRNAs that suppress the targeted reporter but not its mutated control version. This may involve, for example, other miRNA family members with highly similar sequences, particularly the seed, which may represent the minimum requirement for binding to a cognate RNA 10, 11 .
When we examined reporter repression in oocytes upon injection of 10,000 molecules of NanoLuc reporters, let-7a perfect reporter was significantly repressed in mouse oocytes as expected for dominating multiple turnover RNAi-like cleavage (Fig. 3D ). Low, albeit statistically insignificant, repression was observed for Let-7a bulged reporter ( Fig. 3D ). Let-7a mediated repression was also examined in porcine and bovine oocytes; the bulged reporters did not show any repression while the reporter carrying a binding site perfectly complementary to let-7a was repressed by 45% and 60%, respectively ( Fig. 3D ). On the other hand, the miR-30c perfect reporter was not repressed in mouse oocytes (Fig. 3E ). This differed from the earlier study 22 but agreed with low miR-30c abundance estimated by qPCR data (Fig. 1A) . In cow and pig oocytes, which also have low levels of miR30c, we observed low but detectable repression of the miR-30c perfect reporter.
Notably, when the porcine oocytes were by chance cultured for 40 hours, which exceeds the time window when GV oocytes maintain their developmental competence 46 , the bulged reporter was repressed by 36% although the difference is not statistically significant (p-value = 0.0506, Fig. 3F ). Taken together, reporter results suggested miRNAs in mammalian oocytes do repress their targets; their activity can be detected with perfect reporters but is not high enough to efficiently repress targets with typical miRNA binding sites.
Increased miRNA levels are sufficient to restore miRNA-mediated repression
Since unfavorable miRNA stoichiometry was observed in all examined mammalian oocytes, we tested if increased miRNA abundance could restore repressive potential of the pathway. This was directly tested by injecting let-7a pre-miRNA molecules into mouse ( Fig.   4A ) and porcine oocytes (Fig. 4B) . We observed that 500,000 and 250,000 pre-miRNA molecules were sufficient to restore miRNA pathway activity in oocytes of both species as monitored by repression of bulged reporters. In mouse oocytes, which are smaller than porcine oocytes, we observed repression of bulged reporters even with 100,000 pre-miRNA molecules. This suggests that miRNA abundance in mouse oocytes is not that far from the threshold for significant regulation of the maternal transcriptome.
Taken together, restored repression of the bulged reporter implies that skewed miRNA:mRNA stoichiometry in oocytes is to a large extent responsible for the apparent lack of miRNA pathway activity. In other words, the miRNA pathway activity is not lost in oocytes, it appears to be present all the timebut the reduced miRNA:mRNA stoichiometry minimizes the significance of miRNA repression. 
Mathematical modeling supports significance of observed miRNA levels
To further examine plausibility of the stoichiometric explanation, we performed computational simulations of target repression using kinetic parameters of target binding and repression derived from experimental analysis of miRNAs 10, 11 (Fig. 5A) . The model simulated miRNA-mediated repression at different concentrations of targets and miRNAs.
We assumed no transcription, which is actually the case in fully-grown GV oocytes 47 . The binding of a miRNA to a target was modelled as a one step process using KD 26 pM, which applies for seed-only miRNA:mRNA interaction 11 . Typical miRNA-mediated repression is a multistep process with unknown rate constant(s). Therefore, we replaced typical miRNAmediated repression with RNAi-like cleavage for which the kcat was measured 11 . The model was then adjusted by a variable coefficient representing strength of miRNA repression relative to RNAi-like cleavage. For a large set of parameters, the model predicted fast mRNA degradation when the miRNA concentration was similar to the measured concentration of let-7a in 3T3 cells while minimal if any degradation was predicted for miRNA concentrations of let-7a in oocytes ( Fig. 5B , see also Table 1 for concentration calculations). The model predicted that subnanomolar miRNA concentrations observed in fully-grown oocytes could be inefficient for repression of targets above one nM. The entire maternal transcriptome is ~150 nM; if a miRNA would target 5% of the transcriptome through a seed interaction (let-7 has 1074 predicted mRNAs with 15,028 binding sites 48 ), it's target pool concentration could be just below 10 nM. Taken together, the mathematical modelling demonstrates the significance of two-orders of magnitude difference in concentration of miRNAs in somatic cells and fullygrown oocytes despite the mathematical modelling had to introduce a variable coefficient to address the fact that the miRNA-mediated repression is a multistep process with unknown rate constant(s).
DISCUSSION
Previous studies showed inefficient miRNA-mediated repression of reporters and no transcriptome changes in mutant oocytes lacking a miRNA biogenesis factor Dgcr8, the key component of miRNA biogenesis 22, 23 . Our data show that the loss of miRNA-mediated repression can be largely attributed to the lack of accumulation of maternal miRNAs during oocyte growth resulting in miRNA:mRNA stoichiometry, which impedes efficient miRNAmediated repression in the fully-grown oocyte. Because some reporter repression could be detected after longer periods (Fig. 3F ) or upon increased abundance of a targeting miRNA ( Fig. 4) , it is possible that other factors, such as reduced deadenylation and decapping 24, 49, 50 , which participate in degrading miRNA-targeted mRNAs, could contribute to the absence of transcriptome changes in Dgcr8 -/oocytes.
The reason why the number of maternal miRNA molecules does not proportionally increase during the mouse oocyte growth like maternal mRNAs remains unknown. miRNA biogenesis is apparently intact as evidenced by detection of mature miRNAs and undetectable levels of miRNA precursor intermediates. Maternal mRNA acquire extremely extended halflife 31, 32, 33 , which facilitates their accumulation. Post-transcriptional miRNA turnover is regulated in a number of ways but separately from mRNAs (reviewed in 51 ). Therefore, the simplest explanation of our data is that miRNA turnover remains unaffected during oogenesis. We propose that miRNAs did not evolve a specific mechanism facilitating their accumulation. Consequently, their steady state amount would not change during oocyte growth but cytoplasmic concentration would dive two orders of magnitude as the oocyte would grow into a diameter of 80 m.
It was also proposed that the non-functionality of miRNAs in mouse oocytes is associated with an oocyte-specific truncated Ago2 variant, which reduces the expression of the full-length functional Ago2 25 . Limiting amount of AGO2 could explain reduced miRNA levels. However, this alternative processing of Ago2 transcript is not observed in other examined mammalian oocytes whose transcriptomes were sequenced 40, 41 . Thus, other mammals would have to independently evolve other mechanism(s) restricting the miRNA pathway via expression of AGO proteins. Alternatively, mouse AGO2 regulation reported by Freimer et al. 25 could be an adaptation restricting the endogenous RNAi pathway, which is highly active in mouse oocytes and has been specifically evolving in the mouse lineage 37, 41, 52 .
We previously reported disappearance of processing bodies (P-bodies) during oocyte growth 24 . P-bodies are cytoplasmic foci forming as liquid-liquid phase separation from proteins involved in RNA metabolism, miRNA effector complexes and their targets (reviewed in 53 ). We initially hypothesized that P-body disappearance may reflect inhibition of the miRNA pathway, possibly caused by some defect in formation of the effector complex.
However, in the light of the current data, disappearance of P-bodies could be plausibly explained by dilution caused by oocyte growth.
Importantly, we show that increased level of miRNA precursor is sufficient to induce significant repression of bulged NanoLuc reporters. This suggest that miRNA processing has sufficient capacity and more miRNAs could be accommodated on AGO2 in porcine and mouse oocytes. Of note is that Freimer et al. did not observe repression of the bulged reporter upon injection of miRNA precursors into mouse oocytes 25 . However, the Renilla/Firefly luciferase reporter system requires an order of magnitude more reporter molecules than our NanoLuc luciferase system and hence may be insensitive to repression of several thousand reporter mRNAs. Therefore, we think that our reporter results do not contradict those of Freimer et al. but rather complement them as we developed a quantitative framework for explaining the lack of functional significance of maternal miRNAs.
It is surprising that such an omnipresent post-transcriptional regulatory pathway would lose its repressive potential in mammalian oocytes and play no significant role in the mammalian transition from maternal to zygotic transcriptome control. There are several hypothetical scenarios, which could be examined in future studies. First, there may be minimal pressure to stabilize maternal gene expression program in non-dividing oocytes through miRNAs. Second, retaining a functional miRNA pathway may not be compatible or may even be detrimental for mechanisms, which oocytes employ for maternal-to-zygotic (MZT) transition. This could concern post-transcriptional control of the maternal transcriptome such as storage of deadenylated dormant maternal mRNAs or accumulation of totipotency factors in the presence of let-7 miRNA (reviewed in 54 ). Third, the lack of miRNA accumulation could be adopted as a strategy for replacing maternal miRNAs with pluripotent zygotic miRNAs of the miR-290 family, where let-7 could be seen as an anti-pluripotency factor 55 . This notion is consistent with miRNA activity during MZT in zebrafish where zygotic miRNAs have dominant functional significance in the transition 56 .
Taken together, we show that the miRNA pathway is disabled in different mammalian oocytes. The inability of maternal miRNAs to exert significant mRNA repression stems from skewed stoichiometry. Increased miRNA concentration is sufficient to restore target repression. This demonstrates that the miRNA pathway activity in oocytes is maintained not too far from a threshold for effective repression. This probably facilitates bringing the miRNA pathway back into biologically relevant role upon zygotic genome activation in the cleaving preimplantation embryo.
The relatively passive mechanism by which mammalian oocytes would abandon the miRNA pathway implies lack of positive selection for miRNA function in growing and fullygrown oocytes. Consequently, miRNA metabolism would not adapt to the accumulation of maternal mRNAs during oocyte's growth. While we show that this is a common mammalian phenomenon, the lack of miRNA activity was also observed in frog oocytes 25 and miRNA depletion seems to exist in zebrafish oocyte as well 57 . Therefore, this phenomenon appears to be a common feature of vertebrate oocytes and we speculate that it could exist in many other taxons.
MATERIAL AND METHODS
Oocyte collection and microinjection
Animal experiments were approved by the Institutional Animal Use and Care Committees (approval no. 34/2014) and were carried out in accordance with the European Union regulations. C57BI/6NCrl mice were obtained from Charles Rivers. Meiotically incompetent oocytes were collected from 8-12 days old females whereas fully-grown GV oocytes were isolated from 7-9 weeks old females. Golden hamsters were obtained from Charles Rivers.
Oocytes were collected from ovaries of freshly sacrificed 12 month old animals. Porcine and bovine oocytes were obtained from slaughterhouse material as described previously 58, 59 .
Meiotically incompetent oocytes were isolated by incubating the ovaries in 1XPBS with 1 mg/ml collagenase (Sigma) at 37 °C and then were collected in M2 medium (Sigma). Fullygrown GV oocytes and hamster oocytes were collected by puncturing the antral follicles with syringe needles followed by collection in M2 medium containing 0.2 mM isobutylmethylxanthine (IBMX; Sigma) to prevent resumption of meiosis. 
cDNA synthesis and qPCR
The oocytes were washed with M2 media to remove any residual IBMX and collected in minimum amount of M2 media with 1 ul of Ribolock and incubated at 85 °C for 5 minutes to release the RNA. NIH 3T3 cells were counted and then lysed using Real time ready cell lysis kit (Roche). cDNA synthesis for miRNA was done with the miRCURY LNA RT kit (Qiagen) according to the manufacturer's protocol. qPCR reaction was set using single oocyte per well with the miRCURY LNA SYBR green kit (Qiagen) as per manufacturers protocol in a Roche LightCycler 480. miRCURY LNA miRNA specific primers were used and are listed in the resource table. The standard curve reactions were carried out using mmu-miR-221 and let-7a oligonucleotides obtained from Integrated DNA technologies (see Table S2 for oligonucleotide sequences).
A standard curve was first plotted using let-7a mimic. The oligonucleotide was either first serially diluted and then cDNA prepared for each dilution (Fig. S1A) or the cDNA was prepared first and then serially diluted (Fig. S1B) to rule out the variability in the efficiency of cDNA synthesis. Standard curve was also standardized using miR-221 mimic as it was not detected in fully-grown mouse oocyte (Fig. 1A) . It therefore could be added to fully-grown mouse oocyte lysate and then used to set cDNA to avoid any discrepancies that might occur as a consequence of additional oocyte specific factors (Fig. S1C ).
Northern blot
The sequence for let-7a standard used for northern blotting was the same as mentioned above but with 5'P. Oocytes were collected in 1XPBS with Ribolock and the RNA was isolated with Trizol. Northern blot probes were labelled by incubating the RNA with 20 μCi of γ- Denhardt's solution) with a 32 P-labelled oligonucleotide antisense to the small RNA. The membrane was washed twice with 5x SSC, 1% SDS, once with 1x SSC, 1% SDS and wrapped in saran. Signals were detected by exposure to a storage phosphor screen and scanning with the Personal Molecular Imager (Bio-Rad). For further details refer to 60
Plasmid reporters
Nanoluciferase plasmid pNL1.1 was obtained from Promega. Nluc gene was cleaved out from this plasmid and ligated in the phRL-SV40 plasmid downstream of the T7 promoter.
miRNA binding sites were ordered as oligos from Sigma. Oligos were annealed, phosphorylated and then cloned downstream of Nluc gene in XbaI site. The firefly control plasmid was made in house with a T7 promoter (see Table S2 for oligonucleotide sequencesrestriction overhangs underlined).
Cell lines and cell culture
NIH 3T3 mouse fibroblast cells were grown in DMEM supplemented with 10% Fetal Bovine
Serum and transfected with miRNA-targeted reporters as described previously 22 .
In vitro transcription
Linearized pNL-Let7a-perfect, bulged, mutant and Firefly plasmids were in vitro transcribed, capped and then polyadenylated by Poly(A) tailing kit (ThermoFisher).
Luciferase assay
5 oocytes were collected per aliquot and Nano-Glo Dual-Luciferase reporter assay system was used to measure the samples as per the manufacturer's protocol (Promega).
Mathematical modelling
The mathematical model for miRNA degradation introduces the following simplifying assumptions:
 miRNA degradation is modelled as a one step process (similar to RNAi pathway), but with lower catalytic efficiency than the RNAi pathway.
 The AGO2 concentration is assumed to not be rate limiting, i.e. all miRNAs are assumed to be loaded on AGO2 at any tested concentration.
 The concentration of AGO2 + miRNA complex is assumed to be constant, i.e. there is neither synthesis or degradation of miRNA.
 There is no target mRNA synthesis.
 All assumed miRNA binding events are to be those of pure seed pairing.
 Only uncleaved free mRNA is considered in simulations (mRNA bound in complex with AGO2 + miRNA is not considered).
Those assumptions let us describe the system as a set of differential equations, identical to the ones used in Michaelis-Menten kinetics: [enzyme] are the concentrations of free mRNA molecules with target sites for the miRNA in question, mRNA + miRNA + AGO2 complex and miRNA + AGO2 complex respectively.
The simulation was written in the R language (https://www.R-project.org/) using packages deSolve 61 and visualised via ggplot2 62 . More details about the simulation, including full source code is given in the supplementary material.
Supplemental Figure Legends
Figure S1
Supplementary data for miRNA quantification. (A) Calibration curve made from a let-7a synthetic single-stranded RNA oligonucleotide. The oligonucleotide was serially diluted first and then cDNA was set for each dilution followed by qPCR. (B) Calibration curve made from a let-7a oligonucleotide where the oligonucleotide was first reverse transcribed into cDNA, then the cDNA was serially diluted for qPCR. (C) Calibration curve made from a miR-221 oligo. The oligonucleotide was serially diluted first and then reverse transcription was done or each its dilution was added to a mouse oocyte lysate before reverse transcription (miR-221 was undetectable in mouse oocytes). A-C calibrations were performed three times, data points represent average values. (D) Alignment of sequences of twelve subcloned let-7a qPCR products. (E) Quantification of let-7a northern blots (Fig. 1B) . 
